The leaf beetle Chrysomela aeneicollis occurs across Western North America, either at high elevation or in small, isolated populations along the coast, and thus has a highly fragmented distribution. DNA sequence data (three loci) were collected from five regions across the species range. Population connectivity was examined using traditional ecological niche modeling, which suggested that gene flow could occur among regions now and in the past. We developed geographically explicit coalescence models of sequence evolution that incorporated a two-dimensional representation of the hypothesized ranges suggested by the niche-modeling estimates. We simulated sequence data according to these models and compared them to observed sequences to identify most probable scenarios regarding the migration history of C. aeneicollis. Our results disagreed with initial niche-modeling estimates by clearly rejecting recent connectivity among regions, and were instead most consistent with a long period of range fragmentation, extending well beyond the last glacial maximum. This application of geographically explicit models of coalescence has highlighted some limitations of the use of climatic variables for predicting the present and past range of a species and has explained aspects of the Pleistocene evolutionary history of a cold-adapted organism in Western North America. K E Y W O R D S : Chrysomela aeneicollis, coalescent simulations, leaf beetle, phylogeography, PHYLOGEOSIM, range fragmentation.
Phylogeographic studies offer an opportunity to evaluate the impact of major climatic events on contemporary and historical geographic ranges of species, as these strongly influence current patterns of genetic variation within them (e.g., Hewitt 2003 Hewitt , 2004 . Such studies combine data on DNA sequence variation and geographic distribution, and infer the evolutionary history of natural populations over space and time (e.g., Avise 2000; Hewitt 2001) .
In view of the results generated by a large body of previous studies (e.g., reviews in Taberlet et al. 1998; Hewitt 1999; Avise 2000) , phylogeographic data appear most informative in a time window that spans the second half of the Pleistocene, which is probably a consequence of the tempo of coalescence of lineages through time and the rate of DNA sequence substitutions. During this time frame, the earth experienced a series of major climatic events that had profound impacts on the distribution of organisms. For example, at least half of Western North America was covered by the Cordilleran ice sheet for ß90,000 years every Milankovitch cycle of ß100,000 years. This extensive ice sheet reached down into the state of Washington at the height of the last ice age (ß20,000 years before present). During that same time, relatively mild conditions along the coast allowed north temperate and boreal species to take refuge in coastal habitats, regions that are often occupied today by otherwise Arctic species (e.g., Brunsfeld et al. 2001) .
In some cases, prior knowledge about the history of a study organism is sufficient for a priori definition of a few restricted hypotheses to be tested and compared with observed data on genetic variation, often in a Bayesian framework (e.g., Knowles 2001; Fagundes et al. 2007; Laurent et al. 2011) . In other cases however, we lack sufficient information about the natural history of the organism of interest to restrict the potential historical hypotheses to a tractable number for statistical modeling of the pattern of observed genetic variation. In these cases, external information can be sought to develop plausible alternative hypotheses and exclude implausible ones. To achieve this goal, several authors have proposed that data on past and present environmental variables within a species range be integrated through ecological niche modeling (Carstens and Richards 2007; Knowles et al. 2007; Hickerson et al. 2010; Knowles and Alvarado-Serrano 2010) . Past and present geographic distributions of a species are estimated using these environmental data. These values are used to constrain the space of possible hypotheses to a few alternative historical scenarios, which are then evaluated using molecular genetic data. For this purpose, we have developed a simulation program (PHYLOGEOSIM 1.0; available with a detailed manual at http://ebe.ulb.ac.be/ebe/Software.html) that models evolution of sequences in a two-dimensional space represented by a grid. The grid integrates information on the estimated species range to simulate evolution of target DNA sequences in an explicit geographical framework. Such a spatially explicit model of coalescence appears well suited to consider movement of individuals and genes across a species range while attempting to connect current patterns of genetic variation with the evolution of the species range over time. In contrast to a more classic population model, which would consider each continuous portion of the range as a separate panmictic population, this approach may allow us to take into account limited dispersal of individuals within continuous portions of a species range. Therefore, this model can also account for patterns of isolation by distance that are often observed within a range.
In this study, we focus on a North American willow leaf beetle, Chrysomela aeneicollis. This beetle is found in isolated populations at high elevation in the Rocky (Montana, Colorado) and Sierra Nevada (California) mountains, and in a few isolated areas along the west coast of Oregon and California (USA). Beetles are univoltine and overwinter as adults. Adults emerge from winter diapause in May or June to feed, mate, and lay eggs. Larvae hatch and mature through three instars on the same host plant as their parents (Rank 1992a,b) . In late summer larvae pupate, and, shortly thereafter, new adults emerge. They feed until they retreat to the leaf litter at the base of their host plant in late fall (Smiley and Rank 1986) . Like many leaf beetles, the diet of C. aeneicollis is restricted to a few host species (in this case salicylate-rich willows; Rank 1994); furthermore, the high level of population differentiation suggested by molecular markers imply that this species typically has low rates of dispersal (Rank 1992a; Knoll et al. 1996; Mardulyn and Milinkovitch 2005) . The highly fragmented distribution and limited dispersal ability of this species provides an opportunity to study the consequences of climateinduced range expansion and contraction on current patterns of genetic variation in a cold-adapted and specialized herbivorous insect.
To date, most phylogeographic studies in North America and Europe have focused on organisms living in temperate climates, and have shown that their ranges were generally more fragmented during glacial episodes (e.g., Hewitt 1996) . Indeed, past fragmentation in these species has often led to the divergence of distinct genetic lineages, which sometimes meet again within secondary contact zones, after the distribution of the species re-expands (Hewitt 1999 (Hewitt , 2004 . Fewer data are available on organisms adapted to a more extreme, cold environment. Given that overall lower temperatures characterize ice ages in the northern hemisphere, we could hypothesize that, contrary to temperate climate organisms, cold-adapted species should display a less fragmented range during glacial periods.
With this in mind, we collected samples across a large portion of the range of C. aeneicollis and analyzed its sequence variation at three independent loci. The aims of our study were as follows:
(1) to characterize phylogeographic structure within C. aeneicollis;
(2) to illustrate the process of deriving spatially explicit coalescence models from distribution models to test historical hypotheses;
(3) to test whether gene flow currently occurs among the main regions of the contemporary range of C. aeneicollis, given its current fragmented distribution and to test whether this gene flow occurred during the last ice age or was a more ancient phenomenon. To avoid the inference of a general pattern from a single case study, we also compared the phylogeographic pattern uncovered for C. aeneicollis to that of another cold-adapted leaf beetle, C. lapponica (Mardulyn et al. 2011 ), a closely related species sharing many ecological traits with C. aeneicollis (similar life cycle and feeding exclusively on willow and birch) and characterized by a similarly fragmented distribution in Eurasia.
PAST AND PRESENT CONNECTIVITY IN C. AENEICOLLIS

Material and Methods
OVERALL EXPERIMENTAL APPROACH
We combined DNA sequence variation data from three putatively unlinked loci with an ecological niche-modeling analysis. Detailed hypotheses about how connectivity has evolved among regions over time were developed by superimposing a two-dimensional grid onto distribution estimates and incorporating cells that corresponded to a minimum probability of occurrence (values provided by the ecological niche modeling) into the species range. Modifying the minimum probability limit suggested different scenarios, which were used as a basis to create alternative phylogeographic hypotheses that differed (1) in level of fragmentation of the species range and (2) over the time at which fragmentation started to occur (e.g., before or after the last glacial maximum [LGM] ). These hypotheses were then translated into coalescence models used to simulate evolution of DNA sequences by directly importing distribution grids into the simulation program. We compared simulated and observed data to identify most probable hypotheses to gain insights into the history of migration of C. aeneicollis.
SAMPLING AND SEQUENCING
We collected C. aeneicollis individuals from 10 localities, spread over the southern portion (representing >50%) of the species current distribution (Table 1 , Fig. 1 ). Genomic DNA was extracted from 151 individuals using the Qiagen DNeasy R Blood & Tissue kit. A half thorax was ground per specimen in the Qiagen ATL buffer and incubated overnight with proteinase K at 56°C. The remaining DNA-extraction steps were conducted as described in the manufacturer's protocol. We sequenced 151 copies of a ß1000 base pair (bp) long fragment of the mitochondrial gene cytochrome oxidase I (COI), 128 copies (from 64 individuals) of a ß500 bp long fragment of the nuclear protein-coding gene 60S acidic ribosomal protein P0 (RpP0), and 136 copies (from 68 individuals) of a ß500 bp long fragment of the nuclear gene Wingless (WgL). All fragments were PCR amplified with the TrueStart Hot Start Taq DNA polymerase, following the guidelines in the manufacturer's protocol (Fermentas International Inc.). The COI fragment was amplified (annealing temperature of 52°C) using primers TL2-N-3014 and C1-J-1751 (Simon et al. 1994) , the RpP0 fragment (annealing temperature of 56°C) with primers 5 -ATGGGTAGGGAGGACAAIGCIACITGG-3 and 5 -GCDATIGCICCIGIACGRGCYGGIG-3 (Gómez- Zurita et al. 2004) , and the WgL fragment (annealing temperature of 63°C) with primers 5 -ACTICGCARCACCARTGGAAT-3 and 5 -GARTGYAARTGYCAYGGYATC-3 (Danforth et al. 2004 ). For nuclear genes, when the algorithm implemented in PHASE (see below) did not manage to recover the haplotype phase for a heterozygote individual (which was the case for 14 PCR products), the corresponding PCR product was cloned. These ampli-fied products were purified and ligated into a pGEM-3Z vector (Promega), then transferred to Escherichia coli JM109 competent cells. At least five clones per PCR product were sequenced, and these sequences were compared to the one initially obtained by direct sequencing. When sequences of all five clones were identical or when evidence of PCR recombination occurred, additional clones were sequenced to ensure an accurate allele sequence reconstruction.
DATA ANALYSES
Sequences were aligned using the MUSCLE algorithm (Edgar 2004) implemented in the software CODONCODE ALIGNER (version 3.7.1.1, Codon Code Corporation). These alignments were checked manually and pruned at both 5 -and 3 -ends to ensure the absence of a trailing gap in the final dataset. A single gap, 4 bp long, detected in the RpP0 dataset, was recoded as a separate character for all analyses. For heterozygote genotypes, we used the maximum-likelihood method implemented in the software PHASE 2.2.1 (Stephens et al. 2001; Stephens and Donnelly 2003) to attempt reconstructing the haplotype phase of the sequences. We conducted five independent runs of 10,000 iterations per genotype, while thinning at every 100 steps and discarding the first 1000 samples as burn-in. We checked convergence among chains by comparing haplotype reconstructions inferred by each of the five independent runs. The PCR products of phased haplotypes for which a probability > 0.8 could not be obtained were cloned (see above). However, for 10 heterozygote genotypes (four RpP0 and six WgL genotypes), the cloning procedure failed after two attempts. In those cases, we ended using the most probable haplotype phase provided by PHASE although the associated probability was lower than 0.8 (ranging from 0.36 to 0.69).
Median-joining networks (Bandelt et al. 1999) were inferred for each gene fragment using the software NETWORK 4.6.6 (available at http://www.fluxus-engineering.com) with ε = 0. According to their geographic position, sampled populations were pooled into five regions: Oregon, Montana, California, Sierra Nevada, and Colorado (Table 1, Fig. 1 ). This a priori subdivision of the samples is based on the topography of the Western United States, where geographic distances are large and mountainous regions are separated by dryer lowland habitats, and on the apparent fragmentation of the species range (e.g., gap between California coast and Sierra Nevada populations). Nucleotide diversity (Nei and Li, 1979) , relative nucleotide diversity (i.e., nucleotide diversity within one region divided by nucleotide diversity for the rest of the species range; Mardulyn et al. 2009 ), and the number of different haplotypes within each of five regions were computed with the software SPADS 1.0 (available with a detailed manual, at http://ebe.ulb.ac.be/ebe/Software.html; Dellicour and Mardulyn, 2014) . We also used SPADS to calculate a series of 48°18 N, 113°21 W 11 19(9), 23, 24 10 3(2), 7(5), 9, 11(5), 12(7) 9 3(6), 4, 5, 6, 7, 8, 9, 10 (2), 13(2), 18, 24 (C) Gualala River (California) 38°50 N, 123°30 W 9 20(9) 9 1(6), 2(6), 4(3), 5, 6(2) 9 3(9), 4(9) (2), 18(7) 7 7(2), 18(10), 21 (2) 10 16(5), 15 (2), 17 (7), 20, 21, 23, 25 (2) statistics estimating population and/or phylogeographic structure: pairwise ST 's (Excoffier et al. 1992 ) and AMOVA -statistics ( SC , ST , and CT , Excoffier et al. 1992 ; hierarchical analysis) among the same five regions (using p-distance as estimate of the number of mutations separating two sequences), the average ratio between the ST 's and geographical distances calculated for each pair of regions (m ST dgeo), global G ST (Pons and Petit 1995) , and N ST (Pons and Petit 1996) over all regions. We assessed the statistical significance of all G ST , N ST , and -statistic values by recalculating them on 10,000 random permutations of original datasets (permutations of individuals among all populations for G ST , N ST , and ST , among populations within groups for SC or among groups for CT ). The difference between N ST and G ST, which highlights the extent of the phylogeographic signal, was tested by recalculating differences on 10,000 random permutations of haplotypes in the original datasets.
INFERRING THE PAST AND PRESENT SPECIES
DISTRIBUTIONS
The current and LGM distributions of C. aeneicollis were inferred using the maximum entropy method implemented in implemented in MAXENT minimizes relative entropy between two probability densities: one estimated from species occurrence data and one estimated from the landscape (Elith et al. 2011 ). The present distribution was estimated first and the result used to project the species distribution on past climate layers using two distinct LGM models: (i) the CCSM (community climate system model) and (ii) the MIROC (model for interdisciplinary research on climate). These inferences were based on 71 localities and 12 bioclimatic variables. The C. aeneicollis localities included 10 sampled populations for this study (Table 1) , six additional localities for which we recorded presence of this species within the last 20 years, and 70 historical localities recorded by Brown (1956 Braconnot et al. 2007 ). Relationships among bioclimatic variables were evaluated using Pearson correlation coefficients. To avoid collinear variables (Pearson coefficient > 0.9), seven variables were discarded. The resulting set of 12 variables included annual mean temperature (Bio1), mean diurnal temperature range (Bio2), isothermality (Bio3), maximum temperature of the warmest month (Bio5), minimum temperature of the coldest month (Bio6), annual temperature range (Bio7), mean temperature of the wettest quarter (Bio8), mean temperature of the driest quarter (Bio9), annual precipitation (Bio12), precipitation of the driest month (Bio14), precipitation seasonality (Bio15), and precipitation of the warmest quarter (Bio18). Ten replicates were performed for each analysis, from which we derived an average distribution. We used the default convergence threshold (10 −5 ), 5000 iterations and a "random seed" to generate a random partition of our localities into training (90%) and test (10%) localities. These random partitions were used to test the model. The inferences were evaluated using the area under the ROC (receiver operating characteristic) curve. These AUC (area under the curve) values are commonly used to assess MAXENT estimation performance (cf. Marske et al. 2009 Marske et al. , 2011 .
CHARACTERIZING POPULATION CONNECTIVITY
As a first exploratory analysis of population connectivity, we inferred migration rates among regions from DNA sequence variation using the Bayesian method in LAMARC 2.1.8 (Kuhner 2006 ) that relies on a Markov chain Monte Carlo (MCMC) algorithm. This method assumes a partially stationary demographic model (i.e., population structure and migration rates are constant, although population size can vary over time), and considers each separate region as a panmictic entity. Although this model is clearly unrealistic for our purpose of inferring history of geographic range modifications in C. aeneicollis, we used the results as a first assessment of level of connectivity among regions. For this analysis, relative effective size was set to 1 for the mitochondrial gene and to 4 for the two nuclear genes. We ran 10 initial chains of 10,000 steps and two final chains of 100,000 steps. Both types of chains were sampled every 100 steps. The following parameters were estimated: θ (i.e., 4μN e , with μ the mutation rate per site per generation and N e the population effective size), the exponential growth rate g and the immigration rate M (M = 4mN e /θ for diploid individuals).
COMPARING HYPOTHESES OF POPULATION
CONNECTIVITY THROUGH COALESCENCE
SIMULATIONS
Estimates of present and past distributions of C. aeneicollis inferred as described above were partially ambiguous and varied according to LGM model used (CCSM or MIROC). The uncertainty associated to these estimates mainly regarded levels of population connectivity across the range. To take this uncertainty into account, we considered alternative hypotheses about how population connectivity has changed over time and evaluated the possibility that each hypothesis generated observed sequence data. More specifically, we designed three distinct scenarios that vary in development of range fragmentation ( Fig. 2): (1) all regions have been connected to each other for a long time (hypothesis of no fragmentation);
(2) the current range is highly fragmented since the end of the last glaciation approximately 10,000 years ago (hypothesis of post-LGM fragmentation); (3) the range has been highly fragmented since long before the last glaciation episode (hypothesis of pre-LGM fragmentation). In addition, two possibilities are considered for hypotheses 2 and 3: (2) the south east portion of the range, corresponding to the southern Rockies, were isolated (or not) from the rest of the distribution before the LGM; (3) two different fragmentation times (50,000 and 100,000 years ago) are considered, both occurring long before the LGM. To compare these hypotheses, we translated them into five models of coalescence integrated in an explicit geographic framework. This was done by superimposing a two-dimensional grid on a map of the study region (Fig. 1) , and by identifying grid cells (±35 km wide) in which the species is potentially present.
In the models, a grid cell that is potentially occupied is considered a distinct population, which can exchange migrants with neighbor populations (i.e., cells) and in which coalescence can occur. Four separate grids define each scenario, each representing the potential species' range at a different time period (Fig. 2) . Because C. aeneicollis is a univoltine species, one year corresponds to one generation. In all models tested, the maximum effective size of cells is held constant over space and time throughout one simulation. This means that global effective size of the species, or of a specific region, is directly proportional to its number of accessible cells. The speed at which all accessible cells are colonized will depend on migration rate among adjacent cells and on reproduction rate. Although this is a strong assumption, allowing maximum cell effective size to vary across time and/or space within a simulation would have unnecessarily increased the number of inferred parameters to an unreasonably large value. As a consequence, an increase in number of accessible cells is automatically associated with a size increase and range expansion in our models (Fig. 2) , and a decrease in cell number is associated with a size decrease and range contraction.
Coalescence simulations along the five hypotheses were conducted for the purpose of detecting those that are compatible with our observed sequence data. Prior to a coalescence simulation, the simulation program used (PHYLOGEOSIM) performed a preliminary forward simulation to generate parameter values needed for the backward simulations, that is, backward migration rates and actual (as opposed to maximum) effective population sizes defined for each generation. This strategy is similar to the method developed by Currat et al. (2004) (see also Ray et al. 2010) . Details about coalescence simulations (including model design) and the comparison of simulated and observed sequence data through calculation of a series of summary statistics are given in Appendix S1. A global overview of our procedure is also shown in Figure 3 
Results
CURRENT AND PAST GEOGRAPHIC DISTRIBUTION OF
C. AENEICOLLIS
The current and LGM (CCSM and MIROC) distributions estimated with MAXENT ( Fig. 4) were associated with high AUC values (all values >0.918, Table S1 ), indicating that all models performed significantly better than random predictions (Phillips et al. 2006 ). It is not surprising that probability of occurrence of the leaf beetle C. aeneicollis was greater in many regions of Western North America during the LGM because climate conditions were more favorable at the time (Fig. 4 ). Yet estimated distributions predict that the species should currently possess a widespread range, as evidenced by the number of cells associated with a probability of occurrence of at least 50% found over a large geographic area. This suggests high levels of gene flow (connectivity) among regions that are characterized by a high probability of occurrence (>75%). Nevertheless, C. aeneicollis is not known to occur in many portions of this range, and there is no suitable habitat in many localities. The LGM-estimated distributions suggest that connectivity among regions was even stronger in the past than at present, but they also suggest the presence of an isolated area of suitable habitat in the southeast portion of the range. This area is located further to the southeast in the CCSM reconstruction than the MIROC reconstruction. We have sequenced samples in the southeastern part of Rocky mountains in the vicinity of this southeast habitat shown in the MIROC LGM reconstruction, which were used to test the hypothesis of presence of a historically isolated population in this area (hypothesis 2b in Fig. 2 ).
DNA SEQUENCE DATA
After alignment and pruning, the complete RpP0, WgL, and COI datasets contained 151, 128, and 136 sequences of 1026, 496, and 475 nucleotides, respectively. We found 43 homozygotes and 34 heterozygotes for the RpP0 fragment, and 47 homozygotes against 21 heterozygotes for the WgL locus. In total, there were 24 alleles and 36 polymorphic sites in the COI dataset, 21 alleles and 18 polymorphic sites (plus one 4 bp long gap) in the RpP0 alignment, and 29 alleles and 23 polymorphic sites in the WgL alignment (Table 1) . Allele sequences for all loci are available from GenBank under accession numbers KF992624-KF992696.
GENETIC DIVERSITY AND STRUCTURE ANALYSES
Allele networks are shown in Figure 1 , along with the geographic distribution of alleles among the five regions defined a priori. Visual inspection of this figure indicates a strong population structure and robust phylogeographic signal among regions that is most pronounced in the mitochondrial COI dataset. This is confirmed by diversity and structure indices (Table 2) . Indeed, AMOVAstatistics evaluating partitioning among regions are high (>0.6) and statistically significant for all three gene fragments. A strong and statistically significant phylogeographic signal, as measured by the difference between N ST and G ST statistics (Pons and Petit 1996) was measured for all three loci. Overall, these results seem to imply strong current fragmentation of the species range. 
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PRELIMINARY GENE FLOW ESTIMATES
Results obtained with the LAMARC software are summarized in Tables S2 and S3 . Overall, this analysis calculated low effective numbers of migrants (N e m) among regions per generation, with values well below 1 (i.e., impact of genetic drift on population differentiation is stronger than impact of migration). It reveals strong differentiation among regions, confirming the level of phylogeographic structure suggested by allele networks. Because the model used to infer these numbers of migrants is stationary, these low estimates could be considered as maximum values. Indeed, the same level of population differentiation could also be explained by absence of recent gene flow among regions combined with a past unfragmented species range.
COMPARISON OF HISTORICAL HYPOTHESES
THROUGH STATISTICAL MODELING
In all forward simulations, all cells accessible to individuals during initial range expansion (from 110,000 to 50,000 or 12,000 generations) were colonized before subsequent range fragmentation (Fig. 3) . The expansion reached maximum effective size for all accessible cells 60-4000 generations after it began (depending on migration and reproduction rates). The combined P-values across loci for each combination of parameter values for all hypotheses (assuming a reproduction rate t R = 2) are summarized in Table 3 . These P-values provide a relative estimate of how compatible a model is to observed data. Very similar P-values were obtained when assuming reproduction rates t R of 5 and 10 (Tables S4 and  PAST S5); hence, varying reproduction rate does not seem to influence our comparison of hypotheses. Across all five hypotheses, one combination of simulation parameter values (migration rate fm of 10 −4 and effective population sizes N e(mt) of 2500 and N e(nuc) of 10,000) appears the most compatible with observed data, leading to P-values > 0.05 for pre-(3a + 3b) and post-LGM fragmentation (2a + 2b) hypotheses. Only one other combination (fm of 10 −3 , N e(mt) = 2500 and N e(nuc) = 10,000) leads to a P-value > 0.05 for any single hypothesis (3b, pre-LGM fragmentation). The no fragmentation hypothesis (1) is always rejected (P-value < 0.05), and most probable scenarios are associated with the pre-LGM fragmentation hypothesis (3a and 3b). Indeed, for the best combination of parameter values, pre-LGM fragmentation hypotheses are four to five times more likely than post-LGM fragmentation hypotheses. Finally, applying a Benjamini-Hochberg correction (Benjamini and Hochberg 1995) for multiple testing slightly increased P-values associated with a few initially rejected hypotheses to just above 0.05 (Tables 3, S4 , and S5), but it did not change the ranking of hypotheses best compatible with observed data. In sum, the hypothesis of no connection among regions since at least 50 thousand years is strongly favored by DNA sequence variation.
Discussion
In this study, we integrate data on intraspecific DNA sequence variation with the contemporary distribution of C. aeneicollis to infer past and present gene flow within this species' geographic range. Five hypotheses derived from past and present estimates of geographic distribution were compared to genetic variation data by simulating DNA sequence evolution in a two-dimensional space approximated by a grid, in which each cell is considered a different population. The explicitly geographic model of coalescence used here appears to offer a more appropriate way to model population evolution for the purpose of estimating past connectivity among regions. Indeed, species (or subsets of species ranges) characterized by a continuous distribution are not naturally subdivided into populations, and delimiting populations in that context may rely on arbitrary decisions regarding the placement of population boundaries. Describing the species range as a two-dimensional grid on which each cell is reported as accessible or not to individuals allows development of an objective model of population evolution. This was clearly illustrated here by integrating ecological nichemodeling data to design evolutionary hypotheses. The process of overlaying the grid on the map of the species distribution is simple enough that it can be easily applied to other phylogeographic studies. Moreover, this geographically explicit model also offers a natural way to describe movement of individuals across the species range. Although in classic coalescence models, a population is usually considered as a panmictic entity, within which each individual has an equal probability to mate with any other, a population defined as a series of contiguous cells on the grid may be characterized by some level of isolation by distance, with the set of possible intrapopulation mating pairs restricted by movement of individuals on the grid. Using an explicitly geographic model of coalescence offers a natural way to implement isolation by distance, which may be particularly important when dealing with populations spanning large areas, or that are characterized by different shapes. For example, a population defined by a line of nine contiguous cells on the grid will be characterized by a different structure than one spanning a square of 3 by 3 cells, although both span an identical surface. Additionally, this approach allows all possible migration routes among populations to be taken into account for all gene copies, instead of combining migration rates for multiple possible routes between two populations into a single migration rate. On the other hand, one disadvantage of making the model geographically explicit is that it significantly slows down the computation. For the purpose of comparing evolutionary hypotheses or inferring demographic parameters, a large number of simulations are usually required, because it is important to explore as thoroughly as possible the range of all combinations of parameter values. For example, performing an approximate Bayesian computation (ABC) analysis (e.g., Beaumont et al. 2002; Bertorelle et al. 2010) with this model would have been impossible with currently available computing power. An ABC analysis would have done a better job of exploring the space of all combinations of parameter values. However, we are confident that our choice to choose typical combinations of parameter values, homogeneously distributed across their range, was sufficient to identify the portion of the space (and therefore the hypotheses) associated with higher probabilities. This is because the number of parameters used in our model is relatively low (three parameters: cell effective size, migration rate, reproduction rate), keeping reasonable the size of the space of combination of parameter values to explore.
The estimates of past and present geographic distributions of C. aeneicollis show us that climatic conditions were substantially more favorable during the LGM, which suggests its range was more widespread, or at least less fragmented, in the past. However, the model predicts that populations should currently be present in regions of low elevation that separate the mountain ranges in which the beetle is mostly found today. Indeed, the projected current range covers a similar area as the projected past distribution, but associates a lower probability of occurrence with lower elevations. We are left with two possibilities regarding the current distribution of the species: one of strict fragmentation of the range with no individual present in the intermediate cells, which thereby prevents any gene flow among regions, or one that allows some reduced level of connectivity among regions because it assumes that small populations with a few potential migrants are present. Focusing on the estimated LGM distribution (Fig. 4 ), it appears that an area located to the southeast portion of the range (CCSM model), characterized by a high probability of presence (>0.9) could have been more or less isolated from the main portion of the distribution (also characterized by a probability > 0.9). Once again, however, this southeast area appears connected to the main portion of the species distribution by an area characterized by a lower probability of occurrence (±0.5). This lower probability could also be interpreted by the absence of beetles at the time, which would mean that this area was isolated from the rest of the species range even during the LGM.
To reduce ambiguity associated with estimates of past and present species ranges, we developed alternative models of population evolution using known beetle localities (for the current range) and probabilities of occurrence inferred by niche modeling (for present and past distributions). These models represent evolutionary hypotheses that differ mainly by population connectivity and precisely predict changes in geographic distribution over time. They were compared with multilocus sequence data by generating simulated sequences with similar characteristics. The analysis identifies hypotheses implementing the longest period of range fragmentation, from today to well beyond the LGM (going backward in time), as most compatible with observed data. The results clearly rejected the scenario that assumes current connectivity among regions (no fragmentation hypothesis), even when assuming extremely limited gene flow. The intermediate hypothesis of current fragmentation that started only after the LGM is not completely rejected (P-value = 0.057), but is five times less probable than two hypotheses assuming a much more extended period of range fragmentation. Thus, sequence data suggest that sampled regions have been isolated for a long time, which is also corroborated by observed high population structure and strong phylogeographic signal. Although two variants of the pre-LGM fragmentation hypothesis associated with fragmentation times of 50,000 and 100,000 years are equally supported by the data, it is worth noting that these results seem compatible with a range fragmentation scenario that goes back to the end of the penultimate glaciation. This event, the Tahoe glaciation, occurred in Western North America 135-160 kya (Phillips et al. 2009 ), and was apparently more severe than the latest glaciation. If true, this strong older glacial period could have reduced the range of C. aeneicollis to one or a few small refuges, from which the species would have recolonized Western North America as climate warmed. This range contraction would explain the necessity of including a reduced ancestral range in our coalescence model at around that time. The species range would have then become fragmented relatively quickly, and would have remained as such until today. Note that this possibility is somewhat in contradiction with our prior expectation that cold-adapted species should display a less fragmented range during glacial periods (see Introduction). Although it may still hold true for the last glaciation episode, the more severe Tahoe glaciation might have been associated at some point with inhospitable climatic conditions and possibly a range contraction, even for the cold-adapted C. aeneicollis.
Interestingly, simulations of DNA sequence evolution contradict historical models based on estimates of past geographic distribution of the species. Indeed, the LGM distribution inferred by MAXENT indicates a high probability of occurrence for a large portion of the range, and appears to show that regions that are presently isolated were connected at that time. However, the sequence data analysis suggests that connectivity among regions occurred much further in the past. Additionally, the estimated time for connectivity to occur did not depend on choice of a substitution rate for sampled DNA fragments, because all simulations were performed by imposing the same number of substitutions as found in observed data. Instead, it is solely based on accessi-bility of grid cells to individuals over time and the coalescence process.
One possible explanation for the contradiction between sequence data and niche-modeling estimates is the fact that inferred probabilities of occurrence only indicate potential presence of a species in an area, rather than its actual presence. This may be particularly true for leaf beetles, which are characterized by low dispersal and may therefore not have time or opportunity to adjust their ranges in response to a climatic event that increases availability of suitable habitat. Local distribution patterns of willow beetles support this assertion (e.g., Dahlhoff et al. 2008) . Also, all environmental parameters important for this species may not have been taken into account for distribution estimates, such as, presence or absence of host plants or soil moisture. In addition, the resolution of bioclimatic data available for estimation of the past and present range may be insufficient for modeling real world conditions. This is especially true for ranges that extend into montane habitats, where steep changes in elevation (and thus suitable habitat) occur over relatively short spatial scales, resulting in microclimates that are challenging to model. Finally, the geographic range of the species that we introduced in hypotheses 1 and 2 (no fragmentation or post-LGM fragmentation) for the last ice age is based on estimated range at the LGM. However, climate conditions during the LGM may not be representative of those from the entire glacial period, and it is possible that a more fragmented distribution, more similar to what is observed today, characterized a large portion of the last ice age. This would explain why pre-LGM fragmentation hypotheses were favored by our analyses. Whatever the cause, our genetic data clearly challenge MAXENT distribution estimates inferred for this study and illustrate in general that estimates of potential range of a species based on ecological modeling cannot be automatically translated into its actual range.
Comparing phylogeographic data from several species that share habitat requirements or distributions may allow for more general inferences about influence of life-history traits or ecological factors on phylogeographic structure (Avise 2000) . In the case of C. aeneicollis, a useful comparison can be made with C. lapponica, which has similar habitat requirements and life-history strategies, but occurs in Eurasia. This species is adapted to cold temperatures and is currently restricted to fragmented populations at high altitudes or latitudes. DNA sequence variation for two of the gene fragments sequenced in the current study were included in a phylogeographic study of C. lapponica (Mardulyn et al. 2011) . A visual inspection of allele networks inferred in both species highlights common features: strong phylogeographic structure is visible among regions (i.e., mountain ranges), suggesting a long period of isolation among them. At the same time, lineage sorting among regions was not achieved for either species, with the exception of the COI gene fragment in C. aeneicollis. These observations suggest that the two species have gone through a similar history of range fragmentation, with regions that are currently isolated and have been separated since at least the LGM. Our interpretation of this similar pattern is that both species, like many specialized leaf beetles, are characterized by limited dispersal. This suggests that the phylogeographic pattern observed is mainly dependent on long-term history rather than contemporary migration.
Despite a much larger geographic range, C. lapponica is characterized by lower values of the parameter N ST -G ST (which estimates the level of phylogeographic structure) than C. aeneicollis. This may suggest a longer history of fragmentation for C. aeneicollis than for C. lapponica. Most mountain ranges in Western Europe (Pyrenees, Alps, Carpathians) run east-west, whereas those in North America (including the Sierra Nevada, Cascade Range, and the Rockies) run north-south. Thus, while mountain ranges on both continents probably provided opportunity for species to migrate to adjust to climate changes, dispersal among adjacent mountain ranges in Europe was probably easier during glacial episodes than between the Sierra Nevada and Rockies in North America (Hewitt 2003) . Further, at the height of the last ice age, large distances and pluvial lakes separated North American ranges. Evidence for strong isolation among mountain ranges in Western North America at some points during the Holocene and Pleistocene has been suggested for other organisms (Knowles 2000; Brunsfeld et al. 2001) . For example, a recent phylogeographic study of mitochondrial sequence variation of the American pika (Ochotona princeps), a small lagomorph whose distribution is restricted to mountain ranges of the west, depicted a similarly strong pattern of genetic differentiation among mountains, and thus could have been subject to a similar fragmentation history (Galbreath et al. 2009 ).
Overall, this study illustrates how a spatially explicit model of coalescence can be used to easily integrate niche-modeling estimates into a phylogeographic study. It is useful to rigorously compare more realistic historical hypotheses that incorporate a detailed description of the geographic range of a species and its evolution over time. It has improved our understanding of the evolution of the range of cold-adapted organisms in Western North America, under the assumption that it was influenced by climate changes of the Pleistocene, by showing that current fragmentation of the range of C. aeneicollis persisted, going backward in time, well beyond the LGM. It follows that the range of other cold-adapted species could have been strongly fragmented in this region during at least a portion of the last glacial period, despite the supposedly more favorable conditions prevailing at the time.
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